Introduction
Direct alcohol alkaline fuel cells (DAAFCs) have continued to attract major research interests in the field of electrochemical energy conversion systems.
DAAFCs are suitable fuel cell systems that employ a wide range of liquid fuels such as methanol, ethanol, glycerol and ethylene glycol (EG) due to their high specific energy and capacity of some of them to be renewable [1, 2] . In the last couple of years, several reports have emerged on fuel cell systems that could potentially utilize EG as the liquid fuel using different electrocatalysts [3, 4] . EG is a diol-alcohol that can be obtained from the bio-mass, it is nontoxic, has high reactivity and is a renewable fuel [5, 6] . While the electrooxidation of many other alcohols has been intensively studied in alkaline media [7] [8] [9] [10] [11] [12] , the electro-oxidation of EG in alkaline remains the least explored.
The use of the alkaline medium allows the use of platinum free electrocatalysts, eliminating the problem of the catalysts poisoning by carbon monoxide (CO) and improving the alcohol electro-oxidation kinetics [13] .
Palladium is considered as a suitable electrocatalyst for alcohol oxidation in alkaline medium since it is more abundant in nature, less expensive than platinum and has the capacity to promote the oxidation of several alcohols in alkaline medium with remarkable electrochemical stability [2, [7] [8] [9] [10] [11] [12] [13] [14] . The catalyst support material also plays a great role on the catalyst performance.
Carbon materials with high surface area and good crystallinity provide a high dispersion of catalyst particles and facilitate electron transfer, resulting in better device performance. Studies [15] [16] [17] [18] have shown that carbon nanotubes increase the electrocatalytic properties of several metal catalysts. Electrooxidation of EG using platinum group metal electrocatalysts supported on CNTs has been explored in acid medium [19, 20] . Surprisingly, however, despite the many advantages of EG as a fuel cell in alkaline media, the electrooxidation of EG on Pd and Pd-based electrocatalysts in alkaline medium still remains hugely unexplored or reported in the literature. To our knowledge the only known work is that by Sun et al [23] where the authors used Pd nanoparticles supported on sulfonate-functionalised multi-walled carbon nanotubes (SF-MWCNTs). Recently, it was shown that Pd bimetallic catalysts on SF-MWCNTs exhibit better performance towards ethanol electro-oxidation compared to monodispersed Pd nanoparticles [22, 24] . Thus, motivated by the paucity of literature on EG electro-oxidation on Pd alloy catalysts in alkaline media, and the poor performance of monodispersed Pd nanocatalysts compared to the Pd bimetallic catalysts, we decided to investigate the electrocatalytic behavior of the Pd bimetallic catalysts (SF-MWCNT-PdNi and SF-MWCNT-PdSn) towards the oxidation of EG in alkaline medium. We clearly show (using voltammetric and electrochemical impedance spectroscopic techniques) that these Pd bimetallic nanocatalysts serve as efficient electrocatalysts for the oxidation of EG in alkaline medium, albeit slight differences in their individual catalytic behaviour. MΩcm) was obtained from a Milli-Q water system (Millipore Corp., Bedford, MA, USA). All other reagents were of analytical grade and were used as received from the suppliers without further purification.
Experimental

Materials and reagents
Catalysts synthesis
Sulfonation of multi-walled carbon nanotubes
The pristine MWCNTs were functionalised with sulfonate groups following the method described by Sun et al. [23] . After the initial treatment of purification and carboxylate-functionalisation of the pristine MWCNTs [25] , the solid product was then sulfonated. 120 mg of the previously purified
MWCNTs was added to a mixture of 20 mL H2SO4 and 300 mL of acetic anhydride, holding continuous stirring at 70 C for 2 h. After 2 h, the reaction mixture was allowed to cool, continuously stirred until room temperature.
The resulting product (abbreviated herein as SF-MWCNT) was repeatedly washed with ultra pure water and dried at 70 C overnight in an oven. immobilize them on the glassy carbon electrode (GCE), the GCE was first polished to a mirror finish with alumina slurry (nanopowder, Aldrich) and then cleaned by ultrasonic stirring in acetone and deionised water for 3 min respectively. 10 μL of the mixture (pre-sonicated again for about 1 min) was then cast onto the surface of the cleaned GCE. The electrode was then dried at 80 °C in an oven. The Pd loading of each electrode was maintained at 6.7 g.
Preparation of the bimetallic
Equipment and Procedures
The transmission electron microscope (TEM) micrographs were obtained using a JEOL 2010 TEM system operating at 200 kV. The TEM samples were prepared by dispersing the carbon supported catalysts in ethanol, and then a drop of the suspension was cast onto the carbon film covered Cu-grid for analysis. The X-ray diffraction (XRD) patterns of the catalysts were obtained using an X-ray diffractometer (XRD, SCINTAG-XDS 2000) with Cu Kα radiation source, λ=1.5418 Å operating at 40 kV and 200 mA. The XRD diffractograms were obtained in a scan range between 0 and 90°. Fouriertransform infrared (FTIR) spectra were recorded using Spectrum 100 FTRI spectrometer (Perkin Elmer). The energy dispersive x-ray spectra (EDX) were obtained from NORAN VANTAGE (USA). X-ray photoelectron spectroscopy (XPS) experiments were carried out on a Kratos Axis Ultra-DLD system (Shimadzu) with Mg K radiation (h = 1253.6 eV). Binding energies were calibrated using the signal of contamination carbon as reference (C1s = 284.6).
The detailed XP spectra were collected and analysed at a 45° take-off angle of the AC signal of 10 mV. All solutions were de-aerated by bubbling pure nitrogen prior to each electrochemical experiment.
Results and discussion
XPS characterisation
As shown recently, the bimetallic catalyst obtained by ultrasonication of the monometallic mixtures (SF-MWCNT-PdNimix and SF-MWCNT-PdSnmix)
showed enhanced electrocatalysis towards alcohol than that by co-reduction of the metals [22, 24] . In this work, we use XPS as a further proof for the formation of alloy. Table 1 . for the SF-MWCNT-Pd, indicating that Sn exerts more influence on the EASA of the Pd, and hence the high electrocatalytic activity.
Electrochemical characterisation
Electro-oxidation of ethylene glycol in alkaline medium
Stability of electrocatalysts
Long-term chronoamperometry is constantly used to test the stability of electrocatalysts [29, 30] . Thus, the stability of the SF-MWCNT-Pd, SF-MWCNT-PdNimix and SF-MWCNT-PdSnmix were evaluated using chronoamperometric test. 
Electrochemical impedance analysis
The electrochemical kinetics of the three electrodes were further investigated using the electrochemical impedance spectroscopy in 0. Generally, the SF-MWCNT-PdSnmix showed the least Rct values compared to the two other electrodes. 
Conclusions
The electrocatalytic oxidation of ethylene glycol (EG) in alkaline medium has been investigated at Pd-based nano-scaled bimetallic alloy catalyst mixtures (PdSn and PdNi) supported on sulfonated multi-walled carbon nanotubes (SF-MWCNTs). XPS confirmed the properties of these alloy catalysts that were obtained by a simple ultrasonication. In terms of their electrocatalytic properties, we observed very significant findings that should be emphasised. 
